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Abstract 
Tortuosity is a parameter of a key importance to model and predict transport properties either in solid phase (thermal, electrical) 
and/or fluid one (acoustic, mass/heat flow, etc.). However, its experimental determination it not direct and is always based on 
correlated physical variables. We propose here several geometrical definitions of the tortuosity based on 3D computations. This 
work presents results on the determination of tortuosity for a collection of different cellular metallic materials using 3D 
tomography data sets. The analysis involves cellular aluminium materials produced by high pressure die casting (HPDC) at 
IFAM Bremen. The geometrical tortuosity analysis has been carried out in both solid and fluid phases and in the three main 
spatial directions. Results are compared and correlated with other characteristics of the cellular metals under study.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
Keywords: Infiltrated aluminium; Tortuosity; Tomography; Space holders; 3D analysis 
1. Introduction 
Transport properties in cellular materials are strongly determined by morphology and particularly by the tortuous 
structure existing in both solid and gaseous phases (Hugo (2012), Brun (2009)). The dimensionless parameter that 
quantifies this feature is named geometrical tortuosity and expresses the ratio of the real pathway distance and the 
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straightest one when travelling along certain direction through the internal structure. Although this definition is, in 
principle, univocal the constraining conditions applied may differ and influence the final value. This creates an 
intrinsic difficulty for choosing a computational frame to be universally valid in any kind of material. This 
parameter can be defined both in the solid and gaseous /fluid phase if the material is open cell like or shows a high 
number of pore interconnections. In this sense the open cell content must be related to the fluid-phase tortuosity 
since it is expected to vary from a low/constant value when the material presents 100% connected cells up to 
infinitum when it is calculated over a closed-cell structure. 
The obtained tortuosity values contribute to improve physical models related to transport throughout the 
continuous phases. Different properties such as permeability, flow resistance, diffusivity, thermal and electrical 
resistivity and acoustical properties are closely connected to the gaseous and/or solid phases. In many circumstances 
tortuosity is obtained as an adjustable factor that is indirectly determined from a dataset after proper fitting. On the 
other hand, direct computation of tortuosity is not generally accomplished considering the complexity of 
computation within the 3D data sets. The new development of high-performance CPU and GPU computation 
algorithms helps these complex calculations to be run in much lower times. Finally, there is a lack in the literature 
regarding computation techniques for these parameters and the few existing works are focused on some practical 
methods for a particular set of materials (medical, geological, etc.) being frequently not so complex in comparison to 
foamed materials (Bullitt et al. (2003), Gommes et al. (2009)). 
   As a consequence of all the reasons exposed above, the development of methods for evaluating tortuosity is of 
an extraordinary importance. This work summarizes four different methods to evaluate geometrical tortuosity in a 
set of different materials. 
2. Materials and Methods 
2.1. Materials 
A total number of six open-cell aluminium cellular materials were produced by infiltration methods. The method 
makes use of aluminium high pressure die casting procedures to infiltrate a template based on polystyrene granules 
(Berg et al. (2005)). Spherical (S) and cylindrical (C) polystyrene (PS) granules of selected sieved sizes are 
thermally sintered to create a space-holder template. The voids between PS granules are filled with rapidly 
solidifying melt and the polymer is later removed thermally. As a result of this procedure, samples showed different 
porosity in between 0.58 and 0.68 and cell sizes in the range 1.5-8 mm. The main characteristics of these materials 
are listed in Table 1. It can be observed a rather good agreement between the sieved granule size and the 3D 
calculated size, with exception of the larger granules.  
   Figure 1 shows the tomographic sections after having selected a volume of interest (VOI) of 600x600x600 pixels. 
As it can be observed the materials, indeed, present the mentioned varying pore size and connectivity within the 
pores. It can also be clearly visualized that samples 2/C and 3/C present different pore shape as a result of the 
different PS filler used in the production. 
Table 1. Aluminum foams description 
Filler size 
(mm) 
Granule shape Porosity 3D cell size 
(mm) 
1.8 Spherical 0.66 1.90 
3.2 Spherical 0.63 2.98 
5 Spherical 0.70 4.82 
8 Spherical 0.65 6.10 
2 Cylindrical 0.60 2.03 
3 Cylindrical 0.67 3.11 
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Figure 1. Tomographic sections of HPDC infiltrated materials. Labels indicate size/shape of the PS filler used. 
2.2. X-ray CT 
The tomograms were acquired and reconstructed at HZB cone-beam X-ray scanner. The device consists in a 
micro-focus 150 kV Hamamatsu X-ray source with a tungsten target and a flat panel detector C7942 (120x120 mm2, 
2240x2368 pixel2, pixel size 50 µm). Settings (110 kV, 90 µA and exposure time of 1 s) were used. The source-
object distance was 275 mm and a source-detector distance of 450 mm was employed, thus achieving a 
magnification factor of 1.64 yielding a final pixel size of 30 microns. The number of acquired projections was 1000. 
In the X-ray cabinet the sample was rotated in a precision rotation stage from Huber, Germany. Octopus V8.6 was 
used to reconstruct the slices of the internal structure. 
2.3. Methods of Analysis 
The four methods proposed in this section have been applied to compute tortuosity on these materials for both the 
solid and the gaseous phase. A detailed description of each method is given in the following subsections. All 
estimation strategies presented are based on the definition of tortuosity as the ratio in between geodesic distance (the 
path length through the selected phase) and the Euclidean distance (shortest straight distance) projected over the 
Cartesian axis, see eq.1. The geodesic distance includes the extra distance necessary when “travelling” through the 
gaseous/solid phase.   
The imposition of this condition increases the path length and thus it gives a value of tortuosity. 
 
                 (1) 
 
Tortuosity is generally defined based on the minimal geometrical path in a media which may require the 
computation of the minimal geodesic trajectories. At this point, we also indicate that tortuosity is a directional 
parameter, therefore we can calculate as many values as directions are defined in the 3D space.  Three principal 
directional values are commonly used, corresponding to the three Cartesian axes (X, Y and Z). Therefore, in order to 
compute directional tortuosity it is necessary to define two planes that are perpendicular to the studied direction. As 
a classical macroscopic morphological parameter, tortuosity may depend on the observation scale. Thus a 
representative volume element (RVE) should be chosen, as a minimum, in order to estimate optimum values for the 
tortuosity. The selected VOI´s are large enough according to previous results (Brun et al. (2007), Vicente et al. 
(2006)).  
2.4. Pore-throat network (average and minimal values) 
This method is based on an iterative computational approach calculated in a 3D network (graph representation, 
Figure 2) in the case of gaseous phase includes both the pore and the pore interconnections centres (so called 
1.8/S 3.2/S 5/S 
8/S 2/C 3/C 
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throats). Two connected pores are always linked, in this network, by a throat. The pore-throat graph imposes any 
path to circulate within the pore and throat centers successively. In the case of solid phase analysis the watershed 
algorithm will virtually “explode” the continuous structure similarly to the case of the gaseous one. 
Two different approaches can be used based on this graph representation. On the one hand, it is possible to 
calculate all the possible trajectories in a certain direction (from plane to plane) so after computing all the 
trajectories a shorten average can be calculated. This method will be denoted in the following as P-T average. The 
P-T average method was implemented in Morpho + software package (Brabant et al. (2011)). On the other hand, it is 
possible to use the Dijkstra algorithm (a discrete path minimization algorithm that solves a single-source problem 
finding the shortest path with non-negative –always forward– path solutions) to compute the shortest node to node 
distance in the 3D graph representation. Therefore, from all the possible paths (starting points) only the minimal 
ones are calculated and these few are averaged. This method will be denoted in the following sections as P-T 
Dijkstra. The P-T Dijkstra method has been implemented in iMorph software package (www.imorph.fr, Brun et al. 
(2008)).   
2.5. Skeleton method 
It is also possible to estimate tortuosity based on a continuous network built thanks to a different simplification 
concept of a selected phase, gaseous or solid. This simplification considers the 3D distance map and from it, the 
thin-line skeleton (local maximum) of the selected phase is calculated (see Figure 3). The thin-line skeleton is, by 
definition, centered and homotopic within its phase. In this definition the thin-line 3D graph is composed by 
connected neighboring voxels. A path minimization (Dijkstra algorithm) is, similarly to P-T Dijkstra, used to 
compute the geodesic distance travelling from plane to plane within the thin-line skeleton. For this particular method 
the computation of the minimization algorithm is rather time consuming since it computes a continuous network. 
This method will be denoted in the following as skeleton. The skeleton method has been implemented in iMorph 
software package (www.imorph.fr, Brun et al. (2008)).  
2.6. Fast Marching method 
The Fast Marching Method is a numerical algorithm for solving the Eikonal equation on an orthogonal grid, 
intuitively considered as a fluid propagation technique. This technique follows a completely different concept 
although it can be also considered a continuous method, and thus, similar to the skeleton method under this 
continuity consideration. 
It mainly consists in computation of a front wave virtually travelling from certain points (points located at the initial 
plane) and propagating at virtual constant speed without intersecting any other pixel than those contained in the 
selected phase (Brun (2009)). This procedure determines the virtual arrival time of the front at the all the end points 
in the final plane and calculates an average. The result is normalized by the plane to plane distance and the ratio is 
directly outputted as a tortuosity value. The assumption is correct cause during the process the virtual velocity has 
been kept constant and thus the delay directly corresponds to a higher distance tracked. Figure 4 shows a result of 
the fast marching algorithm computed in the gaseous phase of one of the materials studied. This method will be 
denoted in the following as fast marching and it has been either implemented in iMorph software (www.imorph.fr, 
Brun et al. (2008)). 
 
 
Figure 2. 2D scheme of the pore-throat representation graph and 3D 
real network, both for the gaseous phase 
 
Figure 3. Thin-line skeleton for the gaseous phase 3D network and its 
visualization within the material 
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3. Results and Discussion 
The results collected for the analyzed 6 different materials both in solid and gaseous phases in the three 
orthogonal directions and for the four different methods of analysis are rather abundant so they will not be showed 
in tables in this short proceeding and only selected results will be plotted.  
Figure 5 shows the results obtained for the gaseous phase in a certain direction (X-direction) in the 6 different 
materials analyzed. It can be firstly observed that the results are rather different for the 4 analyzed methods. The 
lowest values correspond to the fast marching methods. These values seem to be much lower to the expected ones 
although a scaling factor with the real geometrical tortuosity could be applied. On the other hand the P-T average 
method outputs the higher values while the two Dijkstra-minimized methods provide moderate tortuosities. It can 
also be appreciated that there is no clear correlation in between the methods with exception of thin skeleton and P-T 
(Dikjstra), both minimized by the mentioned algorithm. This fact is significant since both methods are based in a 
completely different concept particularly considering that the pore-throat graph is a discretization of the continuous 
system. Higher values of thin skeleton indicate the higher absolute precision of the method although the high 
computation costs and the good correlation with P-T (Dikjstra), makes this last method a valid alternative. The non-
minimized P-T method obviously gives the higher possible values. 
These results are representative of those obtained for other directions and are similar both for phases (i.e. only a 
good correlation in the case of the two Dikjstra-minimized methods). The correlation analysis between the solid and 
the gaseous phases did not provide successful results, thus the independence of solid and fluid phases should be 
further analyzed. With regards tortuosity orientation, all methods are able to detect a tortuosity anisotropy in the Z 
direction due to material’s processing technique. 
Finally it is important to discuss the possible relationship of gaseous phase tortuosity with the analyzed 
morphological pore features and general foam characteristics (porosity). The results indicate that increasing porosity 
gives as a result a lower gas tortuosity and that the tortuosity tends to be higher with the smaller pore size (for 
comparison use the values in table 1 and the results in figure 5). Nevertheless, in both cases the correlation is far 
from being a perfect one. A better correlation factor could be found in the case of pore orientation and gas-phase 
tortuosity in the Z direction. Figure 6 shows the commented results. It is important to mention that two clear 
tendencies can be appreciated. Materials built from the spherical granules fit perfectly to a straight line while the 
cylindrical granules follow a different tend and data are not enough to provide definitive results. These results 
indicate that the orientation of the constituting voids have a determinant influence on the geometrical tortuosity and, 
as a consequence, in the transport properties as it known. On the other hand pore topology (shape and other “minor” 
features such as the number of throats and the throat sizes which are conditioned by the shape) seems to have a 
significant weight, which explains the different results obtained for spherical and cylindrical granules. Further 
studies are necessary to understand the key aspects having such a high influence on the results presented in Fig 6. 
4. Conclusions 
Four computational approaches for the determination of geometrical tortuosity have been compared over a set of 
infiltrated porous aluminium materials. Results indicate that: 
 
 
Figure 4. Wavefront propagation through the gaseous phase (left to right). The bands correspond to different times 
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Figure 5. Results obtained for the different materials analyzed in the 
gaseous phase and in the X direction 
 
Figure 6. Correlation observed in between the pore size anisotropy and 
the tortuosity anisotropy for the gas phase in the Z direction 
1) Absolute tortuosity values depend both on the computing method and the statistical treatment. Different 
methods (P-T and thin skeleton) treated with a same minimization method (Dikjstra) show the best correlation. P-T 
method with a different statistical treatment present low correlation factors. 
2) Tortuosity of solid and fluid phases seems to be independent, although results supporting this idea are not 
presented here due to space constrains.  
3) Pore orientation and gas tortuosity anisotropy are anti-correlated in the case of regular (spherical) pore shapes 
but are not in the case of cylindrical shapes. Pore topology, conditioned by the shape, seems to have a high 
influence.  
4) Further studies regarding the absolute tortuosity value presenting a best fit with transport properties are 
necessary. Tortuosity algorithms including the weighted hydraulic channel in the computed path will be also 
developed. 
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